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1. INTRODUCTION 

India’s clean energy transition is continuing at an accelerated pace, with commitment, vigour, and a 
clear focus on non-fossil based generation, self reliance, climate action, technology advancement, economic 
growth, and energy security. The country’s installed renewable energy capacity has crossed 100 gigawatts 
(GW) (excluding large hydro), showcasing remarkable progress towards India’s goal to deploy 450 GW of 
renewable energy by 2030. 

Electric power infrastructure of a country comprises of thermal, hydro, nuclear, and renewables 
resources based power generation, driven by key principles such as reliability, security, economy, and 
adequacy. Operating the electric infrastructure based on these principles ensures the end users a high 
quality/economic power supply. Growth of renewable power generation (RPG) can be achieved especially 
through solar and wind augment these principles through various attributes like rich natural resources, 
technical advancements, policies, low carbon emissions, and economic/environmental protection. 

Wind and solar photovoltaic power output is influenced by weather and climatic conditions. 
Renewable power integration in low/medium voltage distribution network at higher penetration level can 
cause reverse power flow, energy demand, network congestion, voltage rise/fall, transformer overloading, 
and other operational issues. A key challenge in integrating RPG is to find various approaches to ensure 
safety and stability of power grid to provide long term sustainability and economic profit to the power 
systems. RPG penetration capacity into the grid can be analyzed through studies like demand response 
characterization, power quality (PQ), and reliability assessment (RA). 
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Small scale renewable energy generation at unity power factor incurs additional cost for the utility 
in providing required reactive power. So large renewable power plants are suggested which have effective 
real and reactive power flow along with regulated voltage control with better power factor.The level of 
renewable power penetration in any power system depends upon load type and profile, weather conditions, 
feeder power handling capacity, network parameter, system topology, and its connection types (three or 
single phase). 

To overcome the problems, various researchers have analysed the impact of RPG on electric power 
system, which involves many steps. First, obtain an accurate model of power system, including detailed 
models ofvarious renewable energy systems, load consuming pattern and their characteristics (demand 
response). Followed by various methods to evaluate the power quality and reliability assessment and 
suggestion of corrective solutions through experimental study cases. 


2. LITERATURE REVIEW 

The literature review is presented in two sections addressing the modeling and performance 
evaluation of RPG integration into the exiting power system having AC/DC transmission/distribution 
networks discussing about different methods of modeling and performance indicators, load classification, 
price calculations, real and reactive power flows, voltage/frequency regulation, power inverters, protection 
schemes, use of internet of things (IoT) concepts, PQ indices and reliability assessment through case studies 
and utility experiences in different countries of the world with feasible solutions. 


2.1. Based on modeling of renewable energy integration in the power system network 

Nikolaev et al. [1] had developed Monte Carlo method based probabilistic power flow algorithm to 
evaluate the performance of renewable energy sources in the electric power network. Wang et al. [2] had 
employed the usage of decision treeapproach for power system incorporating renewable energy generation 
with the help of wide area measurement system (WAMS) to ensure stability. Ju et al. [3] had proposed 
stochastic averaging method to analyze the uncertain variability on power system dynamics due to integrating 
renewable energy and electric vehicles into power system. Zheng et al. [4] have made stochastic optimization 
analysis of cost risk for integrated renewable energy system with less computational burden. 

Tao et al. [5] have reviewed the evaluation of IoTattributes in power system for providing access to 
affordable, clean/green energy worldwide through the use of smart devices. Jiang et al. [6] have reviewed the 
development of distributed photovoltaic (PV) in electricity market and summarized three main trading modes 
of distributed PV market such as direct participation, aggregation and decentralized transactions and analyzed 
bidding strategies/corresponding models for different trading modes. Allella et al. [7] have realized a simple 
dynamic model with inertia stochastic process for RPG’s contribution to the total power generation, tested 
under different scenarios including contingency/post contingency events for longer time periods. 
Hlalele et al. [8] presented a multi objective dynamic economic dispatch model with renewable obligation 
requirements to maintain the continuity of supply and its performance is tested for IEEE 24 RTS/IEEE 118 
bus system through numerical simulations. 


2.2. Based on performance evaluation and its implications of renewable energy integration in the 
power system network 

Lennerhag et al. [9] had studied performance indicators such as, disturbance levels of slow voltage 
variations, overloading, harmonics, flicker, rapid voltage changes, losses, or the number of certain power 
quality events in the network which can be used for evaluating the impact of renewable energy on power 
systems. Asadinejad et al. [10] had suggested that electricity consumers should be classified and segregated 
based on demand response and volatility of prices under high renewable penetration which results in 
minimum technological and economical losses. Vilchez and Stenzel [11] had assessed power quality issues in 
renewable energy generation such as voltage sag, flicker and harmonics in the existing electrical power 
systems. Duong et al. [12] had checked the impact of distributed generation penetration into the IEEE 9 bus 
powersystem through ETAP simulation, having PV and wind power plants. Type, location and selection of 
RPG with respect to availability play a vital role during its integration into the grid. 

Perdue and Gottschalg [13] have observed the failure rates of small grid-connected photovoltaic 
system. The key findings of the study are average system lifetime yield and reliability get increased, due to 
close monitoring of the system for various maintenance regimes. Voulis et al. [14] had simulated the 
performance of renewable energy integration (REI) in three representative urban areas in Amsterdam, which 
requires locally tailored approaches with coordinated storage and obtained positive results to support REI in 
future distribution grids with the help of four metrics. 
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Sun et al. [15] have described the necessity for renewable energy power fluctuation mitigation due 
to the events like low frequency oscillation and cascading failure. They also suggested few 
strategies/algorithms to suppress the output fluctuation of renewable energy through filtering, moving 
average, discrete Fourier transform, kalman filtering, empirical mode decomposition, wavelet/wavelet packet 
decomposition, model predictive control, and other algorithms. Wangdee [16] have employed well-being 
analysis framework for power system reliability during wind energy integration into the existing power 
system. Some important challenges related to technical/environmental/socio-economic aspects at increased 
renewable penetration are discussed by Chen et al. [17]. 

Meyer et al. [18] have surveyed the utilities experiences on various power quality issues resulting 
from the penetration of solar power in the existing utilities. The survey raised questionnaires dealing with PQ 
of PV installations and found lack of information among utilities/network operators and they recommended 
to intensify the monitoring of PV installations for its PQ assessment. Zhao et al. [19] had investigated techno 
economic aspects of RPG penetration in the existing power system through nodal indices method and 
suggested that the consumer should choose renewable generation with improved reliability at expected price. 
Hu et al. [20] had studied the reactive power requirements needed in distributed energy resources energized 
power system having the features of voltage and grid stability. They checked the performance of different 
type of reactive power equipments needed for RPG in the existing power system through simulation and 
assessed with relative available transmission capacity index with case studies. 

Ritik et al. [21] had studied the impact of frequency regulation and deviation aspect in wind power 
penetration in the existing power system after system events. They observed the wind power penetration in 
the grid to reduce the system inertia and increase of droop behaviour. Aik and Andersson [22] had proposed a 
classical analytic model of single and multi-in feed line commutated high-voltage direct current (HVDC) 
system incorporating renewable resources to realize steady state voltage stability in the weak AC/DC 
systems. Aziz and Ketjoy [23] have explained the effect of voltage violation happening in the medium 
voltage grid, when PV penetration exceeds certain threshold level withoperational rules of thumb. Aziz and 
Ketjoy [24] have tested the impact of PV penetration with five different configurations for multiple voltage 
rise mitigation techniques through a case study suited for rural area low voltage (LV) network of Thailand. 
They had observed that higher amounts of PV generation could be tolerated by LV networks due to many 
reasons, such as a wider voltage tolerance band, larger conductor diameters, and moderate lengths of feeders 
in the existing network and suggested the level of PV penetration can be further increased by using On load 
tap changer, reactive power control and partial network upgrading which are found to be cost effective for 
voltage control. 

Gao et al. [25] haveproposed a zonotope based set theoretic method for quantifying the renewable 
power fluctuations in hybrid AC/DC distribution network. Ustun et al. [26] had studied the impact of smart 
inverters of PV system on the distribution networks in terms of voltage rise/drop profiles, reverse power 
flow, VAR injection with respect to feeder. Matevosyan et al. [27] have discussed about various challenges 
such as reduced system strength, synchronous inertia, and black start capability associated with renewable 
energy based inverters in the existing power system. 

Kroposki et al. [28] have predicted that by adding more solar and wind power generation into the 
power systems, soon the future grid will be inverter dominated grid. Sun et al. [29] had identified system 
challenges and opportunities for the development of future grid in support of China’s national energy policy 
that emphasizing the use of clean energy. They also discussed the penetration of renewable energy into 
china’s electric grid and highlighted the importance of HVDC technology for power transmission due to its 
geographical availability with the help of developments in power electronics having the features like fast 
control dynamics and sensitivity to fault. 

Blaabjerg et al. [30] have investigated the role of RPG in power grid and associated protection 
issues such asfault current contribution, reduction in reach of impedance relays and auto reclosure. RPG 
protection is enhanced by quick fault identification and isolation with little human intervention.Different 
protection schemes such as voltage/over current/differential/distance/adaptive protection and fault current 
compensation are employed in RPG integrated power system, operating either in the islanded or grid- 
connected mode. 

Cardenas and Menendez [31] have explained the role and implementation of industrial internet of 
things in RPG integrated power system, which introduces new challenges and more intelligent asset 
monitoring. Remon et al. [32] have explained PV penetration and their control in the system is evaluated by 
studying the stability of the system with DIgSILENT power factory with respect to line, load and generator 
contingencies. Guo et al. [33] have carried out short term reliability assessment method based on the time 
varying probability ordered tree screening algorithm for islanded microgrid operation having renewable 
energy resources to its maintain stability and security. This study is verified through MATLAB simulation 
for European low voltage microgrid system. 
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Johnson et al. [34] have investigated the impact of distributed energy resources (DER) are 
controlled by an adversary and observed the various anticipated power system risks from adversary control of 
DER aggregations, assessed for each grid support function and also suggested solutions to minimize common 
mode vulnerabilities. Acevedo et al. [35] have presented visualization approach for enhancing analyses of 
renewable integration impact assessment by Midcontinent Independent System Operatorin the U.S. 
Midcontinent, which uses tools data analytic process for studying renewable integration issues. Feng et al. 
[36] have evaluated capacity credit of RPG in smart distribution systems and analyzed its performance on 
IEFE-38 bus distribution system at different penetration levels of RPG, considering the impacts of demand 
response. 

Fan et al. [37] have analyzed the impact of RES into power system through demand response 
approach and presented the impact of demand response/comfort loss tolerance on integrated RES. Liang et 
al. [38] have suggested an aggregated model for distributed energy management through crowd sourcing 
behaviors and validated the same by numerical studies by analyzing market performance and energy sharing. 

Ustun and Aoto [39] have analyzed the behaviour of smart inverter on the distribution network 
operation having PV based power system under different operating conditions through a novel software 
namely solar resource application platform for grid simulation (SoRA-Grid) in MATLAB platform. 
Westacott and Candelise [40] have assessed the impacts of photovoltaic penetration in the LV distribution 
network by analyzing through a novel geographical information system framework which is capable of 
identifying the areas to facilitate further PV deployment. 

Lupo et al. [41] have analyzed the effect of increasing renewable capacities in Great Britain, by 
determining spatial distribution of RPG expansion and demand and electricity wholesale market price effects 
and determined the cost of the transformation path and its influence on the British electricity prices. Liu et al. 
[42] have laid out the prospects for research on key technologies such as structural morphology prediction of 
AC-DC hybrid systems, exploring AC-DC coupling interaction, uncertainty modeling, operation simulation, 
improving model solution algorithm, and comprehensive scheme evaluation. Wei et al. [43] had studied the 
impact of energy storage (ES) on economic dispatch of distribution systems and obtained optimal value 
function to provide reference for ES sizing to quantify the economic impact of ES unit on distribution 
system. 

Kuwahata et al. [44] have made renewable integration grid study for the 2030 Japanese power 
system in terms of frequency stability, economically optimized dispatch, demand response, ancillary services 
and power flows for higher RE penetration into the grid. Jie et al. [45] had studied the impact of renewable 
energy balancing power in Japanese power system with increase in the use of wind and solar power 
generation having automatic generation control standard model. Gihan et al. [46] have proposed kernel 
density estimation for analyzing the impact of increasing wind and solar generation to calculate system 
reliability indices through case studies. 

Huang et al. [47] have studied the reliability and economy assessment of offshore wind farms, 
considering various topological structures and their investment costs to suggest preferential choice for wind 
farm construction. Chen [48] had worked out theoretical and quantitative analysis of integration of 
distributed energy resources (DER) and the corresponding market power effects on utility corporation's 
profits and market prices. Numerical studies of this approach has demonstrated the impacts of with holding 
strategies and the integration of DERs. Krpan and Kuzle [49] had studied the impact of frequency response 
with huge share of wind generators in the power system through simulations with few test cases. Kumar et al. 
[50] had investigated the stability impact with high PV penetration in Texas 2000 bus network under 
transient conditions, and observed the voltage and frequency stability of the system. 

Liu et al. [51] analyzed the increased level of RPG integration in power system leads to transient 
stability and out-of-step tripping protection for a modified two-area test system and Great Britain 29-zone 
system using DIgSILENT Power Factory. Bajaj et al. [52] presented an analytic hierarchy process for PQ 
assessment through unified power quality single index (UPQI) within the entire distribution network (DN) 
having RPG and verified on IEEE-13 bus test distribution system in MATLAB/Simulink environment to 
assess the overall PQ performance of each of the buses and the entire DN with respect to the threshold level 
of unity. Bhamu and Bhatti [53] have developed state-space model for their power system model 
interconnected to the system to ensure stable operation to maintains active and reactive power balance of 
RES. Hirase [54] have analyzed the grid supportive functions in grid tied inverters with RPG with a detailed 
guideline based on stabilization/disturbance theory, needed for the system administrator. 

Wang et al. [55] have made risk assessment method in power distribution networks to integrate 
large scale distributed PVs and obtained comprehensive risk indicator for system evaluation through 
simulation for IEEE 34-bus system for reducing load fluctuations and number/capacity/location of access 
points for PV sources. Su et al. [56] have assessed the distribution network reliability during the integration 
of PV power along with the failure of PV power equipment due to aging, degradation rates and time-varying 
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islanding operation. They also suggested few novel reliability indices which have more sensitivity and 
accuracy for the reliability assessment of a distribution network topology in China 


3. IMPACT OF RENEWABLE ENERGY PENETRATION ON POWER SYSTEM PLANNING 

The impact of renewable energy integration in the power system planning deals with balance of 
RPG portfolio with respect to the variability of the load to ensure reliability with high renewable capacity 
addition through propoer generation, transmission and distribution planning process. The renewable power 
generation should be amenable to follows its own daily and seasonal patterns, in accordance with the net 
load. The power system load curves should be associated with the RPG portfolio, which should be dispatched 
daily to serve the load by understanding the fuel mix of the system to minimize the overall costs with 
different levels of predicted load. RPG is characterized by its load-following at regular intervals and 
frequency regulation capabilities supported with design of efficient markets, accurate day-ahead renewable 
resource forecasting, resource data collection and extraction. In transmission planning model, transmission 
infrastructure to deliver power from the generators to the loads is carefully examined and time domain 
simulations are performed for many operational contingencies. Finally, the distribution planning accounts a 
variety of weather conditions that affect loads operating at widely varying spatial topologies at different 
voltage levels and diverse system equipment. Peak load calculation and use of automated tools for screening 
RPG installations will become necessary to the existing distribution systems becomes necessary. Feeder 
voltage regulation, fault current and protection desensitization should be examined and corrected by using 
on-load tap-changer in the substation and self-commutated inverters on a case-by-case basis. 


4. HOW HIGH DOES LEVELS OF WIND AND SOLAR IMPACT THE GRID? 

Wind and solar energy penetration in the grid can be easily doneby assuming the following changes 
which could be made over a period of time: a) increase balancing area cooperation, b) increased use of sub- 
hourly scheduling for generation and interchanges and transmissionexpansionto accommodate RPG, c) 
coordinated commitment and economic dispatch of generation over wider regions, d) appropriate wind and 
solar forecasts in unit commitment and grid operationsto provide down reserves, e) increase in the flexibility 
of RPG and commit additional operating reserves. 

Solar photovoltaic generation integrated in the distribution system have the impacts [57], [58] such 
as reverse power flow, voltage rise and fluctuations, interactions with OLTC, reactive power compensators, 
power quality, over current and overvoltage protection coordination, and modification of feeder section 
loading. The scope of this study also includes: a) identification of local and/or system wide impacts of RPG 
on the power distribution grid, b) guidelines and best practices to meet expected impacts as a function of the 
penetration level of RPG, c) mitigation measures for any contingencies, d) PV inverter performance tests for 
different vendor-specific devices. NREL’s technical report on high penetration PV distribution [59] classifies 
the impact levels interms of overload, voltage, reverse power flow, system protection, and contingency 
conditions. 


4.1. Model based study for assessing PV impacts 

Two important aspects of model based study for assessing PV impactsare: a) development of system 
models and necessary data for time series analysis, and b) performing the analysis to understand the impact 
of adding PV to the electric grid. These models are also based on planned changes in the network topology, 
faster control equipment, load forecasting, and new distributed energy resources. Figure 1 shows a flowchart 
of the basic steps of PV model development. 


4.2. Development of a base case model for PV impact assessment 

For effective PV impact assessment, the first step is to develop an accurate model of the distribution 
circuit integrating the PV system, then adding all other components such as LTC transformers, voltage 
regulators, capacitors, breakers, reclosers, fuses, sectionalizers, switches, and control parameters, including 
time delays and dead bands with their characteristics and location. Customer load and PV generation models 
with respect to selection of PV inverters, priority setting of smart PV inverter operations dealing with 
low/high voltage ride through, volt-watt/volt-VAR control, including time-varying representation should also 
be accounted in this model. 

Power flow analyses are performed repeatedly to assess the impact of PV equipment in the 
distribution system in terms of of voltage and thermal loading and loss of PV generation with/without feeder 
operations. Various mitigation techniques for high penetration PV impacts are influenced by PV inverter 
operation capabilities such as power factor operation, reactive power compensation, dynamic voltage control, 
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and priority setting are carried out after assessment. Figure 2 explains various steps of performing a PV 
impact study. 


PV Impact Study 
Development of System Model 


Base Case Model 
Assemble the circuit info 
Include existing and new PV 
in modeling software 


Time Series Inputs 
Assemble measurement data: SCADA 
circuit loading, customer loading and PV 


Validate Measurements 
Identify data anomalies 
Fix/exclude bad data points 





Validate Composite Model 
Add measurements 
Run Power Flow 





Quasi-Steady State Time Series Analysis 
Identify Critical Time Points 
Choose study criteria to quantify parameters of interest 













Begin 
Analyses to Assess 
PV Impact 


Figure1. Flowchart for PV model development 
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PV Impact 


PV Impact Analysis Worst Case Study - 
(Step Change at rated output - Clear Sky) PV Fault Worst Case Analysis 
Run simulations over Critical Time Points Fault analysis with and without PV 
Quantify effects of PV, its sudden loss and its return Detailed study if fault contributions 
Quantify Study Criteria Violations Violate study criteria 


Yes 
Detailed Protection study 











No Detailed study needed 





PV Impact Analysis Detailed Study 
(Time series evaluation of annual load curve) 
Quantify realistic extent and frequency 
Of study criteria violations 








Summarize results and study criteria violations 
Evaluate results and the need for mitigation measures 








Mitigation Measures 
PV Side mitigation 
Utility Side mitigation 


Figure 2. Flowchart for performing PV impact studies 
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Drivers and barriers influencing renewable energy transition: The key drivers are increasing public 
awareness of climate change and the need for mitigating action, sustained reduction in the cost of renewables, 
technological progress, new markets and business models and energy security. Significant barriers are 
changing public regulations creating an unstable investment landscape, rigid requirements leading to costly 
supply chains, lack of digital mindset and digital technology skills, access to adequate infrastructure and 
shifting away from the oil, gas and coal industries. 

Drivers and barriers influencingthe transition from a power grids perspective: The key drivers are 
the need for renewables integration, system expansion to deal with load growth, digitalization to enable the 
management of decentralized resources, data and information energy trading between multiple stakeholders 
and energy security. Significant barriers are: lack of appropriate utility business models and the fear of 
stranded investments, lack of collaboration between stakeholders, insufficient interoperability of HVDC 
systems, massive investment and workforce skills. 

The following points should be considered for renewable energy transition are: a) active and 
proactive power system development and operations, b) hybrid generation for optimization, c) strengthened 
cyber security governance, cyber security practices, protecting personal data, and build cyber security 
capability, d) harness and develop the power of digital technology, e) develop and diversify the business 
portfolio in different business segments and geographies, f) financial discipline and flexibility to grow, 
maintain and re-invest, and g) develop an agile, digitally adept and sustainable workforce. 


5. BRIEF OVERVIEW OF THE INDIA POWER SYSTEM 

India’s total installed generating capacity is around 388.133 GW as on August 2021, which 
comprises of 234.258 GW of thermal, 46.412 GW of hydro, 100.683 GW of renewable and 6.78 GW of 
nuclear generation [60]. The country’s electric grid is demarcated into five operating regions as shown in 
Figure 3, and its peak power demand is expected to increase to 520 GW in 2036-2037. India committed to 
United Nations Paris Agreement on climate change to meet the power generation capacity with renewable 
energy sources through various policy mechanisms and operational infrastructure. 
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Figure 3. Indian electricity grid-five operating regions 


6. PATH WAYS FOR RENEWABLE ENERGY INTEGRATION IN INDIAN POWER GRID, 
STUDIES CONDUCTED BY NATIONAL AND INTERNATIONAL ORGANISATIONS 

Government of India (Gol) have set a target of acheiving 175 GW from renewable energy (RE) by 

31 December 2022 and 40% of electricity capacity addition through RE (i.e ) 450 GW by 2030 by increased 

deployment of wind and solar capacity, supported by rapid changes in technology costs and performance 

factors. Increased deployment of RPG needs a new dimension in power system planning with respect to 

optimal siting of generation capacity, tradeoffs between generation and transmission infrastructure, and 
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system flexibility needs. GoI have focused towards clean energy transition to cater future energy demand in 
more sustainable and responsible manner, while meeting its global commitment towards climate action. 

Cost effective action plan is suggested for the operation of Indian power system through various 
operational strategies like shifting from a thermal power generation to renewablebased power generation, 
additionalinvestments in PV based RPG and increased use of battery energy storage system (BESS). To 
achieve least cost pathways for India’s electric power sector, an action plan is suggested for the operation of 
Indian power system which are based on: a) shifting from a thermal-based system to a renewable-based 
system, b) by having additional investments in new capacity with respect to VRE and demand, c) use of 
BESS, d) Increased PV based RPG. To integrate 175 GW of RE into India’s power system by the year 2022, 
power system planners uses weather/power system modeling (both national and regional) for meeting 
renewable energy targets and evaluatessuitable actions favorable for grid integration. National model 
employs production cost model which finds optimal scheduling and dispatch of available power generation to 
manage the variability and uncertainty associated with integrating of RE.The national model [61] evaluates 
major energy flows across the country and role of coal-dominant states with less RE potential to facilitate 
system balancing. The national model is based on day-ahead scheduling with respect to site-specific RE 
generation forecasts, economic dispatch on 15-minute operational timescale, transmission flows between 
states, operational/technical/commercial features of each available generating resource and its practices. 

Regional model includes intrastate transmission details used to investigate power system operations 
in each of the states for significant growth in RE capacity. This regional modelincludes all transmission lines 
and substations within each of the states, to provide robust view of localized operations which can offer more 
relevant insight to support state-level planning. National model checks a larger number of scenarios and 
strategies in short run time,whereas high-resolution regional model ensures better computational efficiency 
and provide thoughtful insights for policy makers to assess the impact of in-state transmission constraints on 
system flexibility and analyse the impact of RE site selection/state-level transmission planning on RE 
curtailment through various RE integration strategies which can impact the operations of conventional/ RE 
generation at the state level. Renewable energy supply curve including wind and solar are used to 
characterize the potential sites available for RPG deployment and evaluate its fesibility through detailed 
weather data, geospatial constraints, and economic assumptions which are presented in Figure 4. 

NREL grid integration studies [62] have affirmed the technical and economic viability of integrating 
175 GW of RE into India's electricity grid by 2022. The two-volume study report titled, “Greening the grid: 
pathways to integrate 175 gigawatts of renewable energy into India's electric grid vol. 1, national study and 
vol. 2, regional study gives details, how India's electricity grid can manage the variability and uncertainty of 
RE target of 175 GW by 2022, which uses advanced weather and power system model to explore its 
operational impact and identify possible favorable for integration. 

This work is conducted by an initiative co-led by Ministry of Power, Gol, and U.S. agency for 
international development under the U.S India strategic clean energy partnership 2030 and World Bank’s 
energy sector management assistance program. This team comprised a core group from the power system 
operation corporation limited, national renewable energy laboratory, and Lawrence Berkeley national 
laboratory, and central electricity authority, powergrid (the central transmission utility), and various state 
load dispatch centers. This study addresses two critical challenges such as: a) enabling conventional thermal 
plants to flexibly generate electricity and b) increasing power grid balancing areas. 

The national study of the report (vol. 1) uses a production cost model based on optimal scheduling 
and dispatch of available generation to minimize the total production costs subject to physical, operational, 
and market constraints on a 15 minutes interval. To investigate system operations in each of the states with 
the potential for significant growth in RE capacity in the country, this study also uses a higher-resolution 
regional model (vol. 2) that includes intrastate transmission details. 

Results of the study provides excellent operational performance of these national/regional models to 
integratel175 GW of RE by the year 2022 through national/regional corordination and scheduling strategies 
with enhanced power system flexibility with existing coal reserves, year round generation—demand balancing 
for every 15 minutes period of 2022 with better cost savings. 

Power system balancing with 175 GW of RE is achievable with minimal integration challenges, 
reduced fuel consumption and emissions by meeting regulatory targets, expanding transmission in strategic 
locations, and planning for future flexibility and reliable operation of the power system. Figure 5 shows the 
impact of RE integration strategies on production costs and RE curtailment. 
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Figure 4. Renewable energy supply curve model 
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Figure5. Impact of RE integration strategies on production costs and RE curtailment 


Greening the grid—renewable integration and sustainable energy (GTG-RISE) identified two 
approaches to better organize regional power markets to improve power-generation scheduling and 
dispatching to accelerate RE integration: a) model benefits and provide technical assistance to en large 
power-grid balancing areas from individual states to a regional or national market for day-a head (DAM) and 
real-time markets (RTM), b) automate the open-access approval process and reduce the lead time to conclude 
power exchange tradesin the national open access registry (NOAR). BESS in transmission and economic 
evaluation and quantification of BESS for ancillary market includes: a) implementation of various use cases 
of grid-connected BESS through softwareand hardware interventions, b) deployment of new controller unit, 
meters (at load sub-station & RE plant) and workstations, c) installation of hardware switches/cable 
connections between new server and controller unit, d) software update of the existing SCADA system e) 
enabling GPRS communication link between meters located at load point and solar PV, and f) use of 
software modelling tool for assessing impact of BESS inproviding primary and secondary regulation support. 
[63] 

Potential planning and policy actions to support RE integration includes national/state level planning 
to ensure sufficient interstate transmission, regulatory/policy guidelines to optimize generation and 
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transmission buildouts with enhanced coordination of scheduling and dispatch between states and regions, 
flexible use of coal reserves/hydel resources depending on system requirements with suitable incentive 
mechanisms, development of time oriented tariff structure ensuring optimized production costs through 
supporting simulation softwares, flexibilble power purchase agreements for RE to limit financial risks for 
stakeholders with enough load/generation forecasting tools. 

Energy transition in India will be a reality, by ensuring carbon-negative future to protect the 
environment by reducing CO2 emissions, reducing the import of fossil fuels and by creating climate resilient 
renewable infrastructure. GoI also made lot of initiatives and reforms related to land issues for RPG projects, 
imposing basic customs duty on balance of systems cost, developing core competency in semiconductor 
manufacturing, subsidizing solar manufacturing sector, reducing the cost of capital, providing loans,and 
financial support to the state governments to boost investor confidence.[64] 


7. CONCLUSION 

India’s global renewable energy leadership can be achieved through by setting RE target of 450 GW 
by 2030, building action evidence for reforms, adopting to innovations and market-based approach. This 
paper explores the impact of high penetration of RE on the system planning methodologies and its effective 
integration approaches. As the RE penetration level rise, its system performance characteristics similar to 
those of traditional generators should be evolved after a careful examination of standards, policies, and 
incentives along with the development of smart inverters and control methodologies. Policy and regulatory 
frameworks are needed to enable cost-effective investments and system operations for the dedicated 
renewable energy infrastructure through regulatory peer to peer partnerships among states, system operators, 
partnerships and private segment engagement. This approach will allow utilities, project developers and 
financing institutions to mobilize necessary expertise and fundingto resolve issues related to land use, 
electricity prices, quality of supply, emissions, and creation of domestic jobs in the renewable energy sector. 
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